Resistance to androgen deprivation therapy, or castration-resistant prostate cancer (CRPC), is often accompanied by metastasis and is currently the ultimate cause of prostate cancer-associated deaths in men. Recently, secondary hormonal therapies have led to an increase of neuroendocrine prostate cancer (NEPC), a highly aggressive variant of CRPC. Here, we identify that high levels of cell surface receptor Trop2 are predictive of recurrence of localized prostate cancer. Moreover, Trop2 is significantly elevated in CRPC and NEPC, drives prostate cancer growth, and induces neuroendocrine phenotype. Overexpression of Trop2 induces tumor growth and metastasis while loss of Trop2 suppresses these abilities in vivo. Trop2driven NEPC displays a significant up-regulation of PARP1, and PARP inhibitors significantly delay tumor growth and metastatic colonization and reverse neuroendocrine features in Trop2-driven NEPC. Our findings establish Trop2 as a driver and therapeutic target for metastatic prostate cancer with neuroendocrine phenotype and suggest that high Trop2 levels could identify cancers that are sensitive to Trop2-targeting therapies and PARP1 inhibition.
Resistance to androgen deprivation therapy, or castration-resistant prostate cancer (CRPC), is often accompanied by metastasis and is currently the ultimate cause of prostate cancer-associated deaths in men. Recently, secondary hormonal therapies have led to an increase of neuroendocrine prostate cancer (NEPC), a highly aggressive variant of CRPC. Here, we identify that high levels of cell surface receptor Trop2 are predictive of recurrence of localized prostate cancer. Moreover, Trop2 is significantly elevated in CRPC and NEPC, drives prostate cancer growth, and induces neuroendocrine phenotype. Overexpression of Trop2 induces tumor growth and metastasis while loss of Trop2 suppresses these abilities in vivo. Trop2driven NEPC displays a significant up-regulation of PARP1, and PARP inhibitors significantly delay tumor growth and metastatic colonization and reverse neuroendocrine features in Trop2-driven NEPC. Our findings establish Trop2 as a driver and therapeutic target for metastatic prostate cancer with neuroendocrine phenotype and suggest that high Trop2 levels could identify cancers that are sensitive to Trop2-targeting therapies and PARP1 inhibition.
A pproximately 31,620 men are projected to die from prostate cancer in the United States in 2019, making it the second leading cause of male cancer death (1) . Advanced prostate cancer, whether present at the time of diagnosis or arising after treatment of localized disease, responds to androgen deprivation but invariably fails and recurs as castration-resistant prostate cancer (CRPC), which is the main cause of prostate cancer-associated mortality (2, 3) . Heavily treated tumors, particularly those treated with secondary hormone therapies, frequently acquire a neuroendocrine phenotype (neuroendocrine prostate cancer [NEPC] ), which currently accounts for 10 to 20% of CRPC (4, 5) . Although rare, de novo NEPC is also observed in less than 2% of prostate cancer at the time of diagnosis (4) . NEPC is commonly characterized by expression of neuroendocrine markers, an aggressive clinical course, and down-regulation or loss of androgen receptor (AR) that diminishes responsiveness to androgen deprivation therapies, making it the most lethal and currently incurable subset of prostate cancer (6) (7) (8) (9) .
Tumor-associated calcium signal transducer 2 (Tacstd2, Trop2, TROP2) is a cell surface glycoprotein that has emerged as a promising therapeutic target due to its overexpression in multiple epithelial cancers (10, 11) . Sacituzumab govitecan (IMMU-132), an anti-Trop2 antibody conjugated with SN-38, a cytotoxic agent that targets DNA replication, has shown therapeutic activity in several malignances, including triple negative breast cancer, advanced non-small cell lung cancer, and metastatic platinum-resistant urothelial carcinoma (10, (12) (13) (14) .
In the prostate, Trop2 is an important regulator of prostate stem cell self-renewal (15) . Murine prostate basal cells with high levels of Trop2 can regenerate prostatic tubules, and Trop2-positive epithelial cells are enriched after androgen ablation (16) , suggesting that Trop2 has roles in cell survival after androgen ablation and lineage plasticity during the regeneration of prostate-like structures after androgen repletion. Trop2 is activated through proteolytic cleavages (15, 17) and is involved in prostate cancer metastasis through β1 integrin and FAK signaling (18, 19) .
Herein, we demonstrate that an elevated level of Trop2 is prognostic for biochemical recurrence and even higher level of Trop2 is found in metastatic CRPC and NEPC. Deletion of the TROP2 gene significantly slows cell growth and decreases migration, invasion, and metastatic colonization of prostate cancer cells while overexpression of Trop2 increases growth, invasion, and metastasis. Overexpression of Trop2 leads to a significant decrease in luminal markers, such as androgen receptor (AR), and Trop2 enhances tumor growth while also inducing lineage plasticity, neuroendocrine features, and metastasis in vivo. Trop2expressing prostate cancer xenografts are resistant to androgen ablation and express high levels of PARP1. PARP1 inhibitors decrease cell proliferation and neuroendocrine markers and suppress the growth and metastasis of Trop2-driven tumors. Our Significance NEPC is a highly aggressive subtype of prostate cancer that is increasing in incidence, likely due to use of new secondary androgen deprivation therapies. Here, we demonstrate that Trop2 is significantly elevated in CRPC and NEPC and represents a driver of metastatic NEPC. Trop2 overexpression increases tumor growth, drives metastasis and neuroendocrine phenotype, and significantly increases PARP1 levels. Inhibition of PARP1 in Trop2driven NEPC significantly decreases neuroendocrine features, tumor growth, and metastatic colonization in vivo, suggesting that PARP1 inhibitors may represent a promising therapeutic strategy for metastatic prostate cancer expressing high levels of Trop2. 1 To whom correspondence may be addressed. Email: stanya@stanford.edu. This article contains supporting information online at https://www.pnas.org/lookup/suppl/ doi:10.1073/pnas.1905384117/-/DCSupplemental. First published January 13, 2020. results demonstrate that Trop2 plays a functional role in driving neuroendocrine phenotype and provide strong functional evidence that targeting Trop2 and Trop2 signaling cascade through PARP1 inhibition may represent a novel rational therapeutic strategy for metastatic prostate cancer with high levels of Trop2.
Results
High Expression of Trop2 Is Prognostic for Prostate Cancer Recurrence.
Given the important role of Trop2 in prostate stem cell biology (15) , we assessed Trop2 protein levels of benign human prostate tissues (n = 26) and localized prostate cancer (n = 79) by immunohistochemistry (IHC) ( Fig. 1A and SI Appendix, Fig. S1A ) and found relatively higher expression levels in prostate cancer compared to benign prostate tissues ( Fig. 1A) . Consistent with previous reports, Trop2 expression was restricted to basal cells in the normal prostate (SI Appendix, Fig. S1B ) (16) . We further evaluated Trop2 levels in the resected prostates of a cohort of 234 prostate cancer patients who underwent radical prostatectomy with median 9-y follow-up in which 58 patients displayed biochemical recurrence ( Fig. 1 B and C) . High expression of Trop2 was associated with biochemical recurrence in a univariable model (P = 0.01) and independently associated with recurrence in a multivariable model (P < 0.05) that included preoperative serum prostate-specific antigen (PSA) levels, a pathological stage, and pathological Gleason score. Interestingly, most patients with concurrent lymph node metastases or who later developed bone metastasis showed high expression of Trop2 in their prostatectomy specimens (P = 0.02) ( Fig. 1D ). These results demonstrate that high levels of Trop2 correlate with unfavorable outcomes in prostate cancer.
Trop2 Regulates Prostate Cancer Cell and Tumor Growth In Vitro and
In Vivo. To determine the functional role of Trop2 in prostate tumorigenesis, we first assessed the levels of Trop2 in a panel of prostate cell lines (SI Appendix, Fig. S2A ). We then generated stable lines of DU145, a prostate cancer cell line that expresses Trop2, by deleting the TROP2 gene using CRISPR/Cas9n (DU145-TROP2-KO) technology (SI Appendix, Fig. S2 B and C). A DU145 cell line with overexpression of red fluorescent protein (RFP) (DU145-RFP) or RFP and Trop2 was created by lentiviral transduction (DU145-Trop2-OV) ( Fig. 2A ). Likewise, we generated stable lines of the prostate cancer cell lines with low/no detectable Trop2 at baseline, such as LNCaP, PC-3, and VCaP cells that overexpress Trop2 and RFP (LNCaP-Trop2-OV, PC-3-Trop2-OV, and VCaP-Trop2-OV, respectively). Cell proliferation was evaluated by cell counts in DU145 and LNCaP over 6 d ( Fig. 2 B and C) . Loss of TROP2 resulted in a significant decrease in cell proliferation while up-regulation of Trop2 significantly enhanced cell proliferation ( Fig. 2 B and C) . In clonogenic and tumorsphere assays, loss of TROP2 expression in DU145 led to a significant decrease in colony and tumorsphere formation while overexpression significantly enhanced colony and tumorsphere formation ( Fig. 2D and SI Appendix, Fig. S2D ). LNCaP cells normally do not form colonies, but overexpression of Trop2 significantly enhanced colony formation and tumorsphere growth in LNCaP cells ( Fig. 2E ). Knockdown of TROP2 in LNCaP-Trop2-OV cells significantly reduced cell proliferation and colony formation driven by Trop2, further supporting the role of Trop2 in prostate cancer cell growth (SI Appendix, Fig. S2 E-G). Overexpression of Trop2 also significantly increased growth of PC-3 and VCaP cells assessed by colony formation and tumorsphere assays (SI Appendix, Fig. S3 A-E).
We further investigated the functional role of Trop2 in prostate tumorigenesis in vivo. LNCaP-RFP or LNCaP-Trop2-OV cells were implanted subcutaneously (s.c.) into the flanks of immunodeficient NOD SCID gamma mice (NSG). Overexpression of Trop2 resulted in dramatically increased LNCaP tumor growth assessed by tumor volumes and tumor weights ( Fig. 2F ). As expected, LNCaP-Trop2-OV tumors expressed high levels of Trop2 while LNCaP-RFP had no detectable Trop2 determined by IHC ( Fig. 2 F, Lower). Similar results were observed using DU145 prostate cancer cells where overexpression of Trop2 significantly increased tumor burden ( Fig.  2G ). Since DU145 cells normally express Trop2, we tested whether gene deletion of TROP2 (DU145-TROP2-KO) affected tumor growth ( Fig. 2H and SI Appendix, Fig. S4 ). Compared to parental DU145 cells or control DU145 cell lines, three independent clones of DU145-TROP2-KO cells displayed a significant decrease in tumor growth ( Fig. 2H and SI Appendix, Fig. S4 A and B) , implicating Trop2 as a key regulator of prostate cancer growth in vivo. with overexpression of Trop2 and significantly decreased migration in the cells lacking TROP2 (Fig. 3B ). Transwell assays demonstrated that overexpression of Trop2 promoted invasion and loss of TROP2 decreased invasion of DU145 cells (Fig. 3C ). These findings were confirmed using PC-3-Trop2-OV cells (SI Appendix, Fig. S5 B and C). LNCaP cells normally have little motility when cultured in vitro, and LNCaP-RFP cells grown in a Matrigel drop remain confined within the Matrigel ( Fig. 3D and SI Appendix, Fig. S5D ). However, LNCaP-Trop2-OV cells invaded through the edge of the Matrigel drop and migrated away from the edge of the drop ( Fig. 3D and SI Appendix, Fig. S5D ), and knockdown of Trop2 in these cells led to a significant decrease in LNCaP-Trop2-OV migration (Fig. 3D) . These results support a role of Trop2 in driving an invasive phenotype.
Overexpression of Trop2 Drives Prostate Cancer Colonization and Metastasis While Loss of Trop2 Diminishes Prostate Cancer Colonization to the Bone.
To evaluate the effect of Trop2 on prostate cancer metastasis in vivo, we first measured the effect of Trop2 modulation on the ability of prostate cancer cells to home at distant sites assessed by an intracardiac injection model. We used LNCaP-RFP (control cells) and LNCaP-Trop2-OV (LNCaP Trop2 overexpressing cells) transduced with a lentivirus expressing luciferase. Whole body bioluminescence imaging (BLI) and quantification, reflecting homing potential and metastatic burden 21 d after injection, demonstrated that LNCaP-Trop2-OV cells colonized in diverse organs based on RFP signals of harvested tissues ( Fig. 4A and SI Appendix, Fig. S6 A, Left). Clinically, bone is the most common site of prostate cancer metastasis while liver metastasis correlates with worst overall survival in CRPC patients and is more common in NEPC (20) . Bone lesions were identified in the tibias of mice injected with LNCaP-Trop2-OV cells by micro-computed tomography (μCT) ( Fig. 4B ) and by small animal positron-emission tomography (PET)/CT imaging using F18-FDG as a tracer (SI Appendix, Fig. S6 A, Right) while no bone lesions were observed in LNCaP-RFP controls ( Fig. 4B and SI Appendix, Fig. S6A ). To confirm the imaging findings, tibias were harvested, and RFP signal was measured. Strong RFP signal was detected in the tibias of 30% of the animals injected with LNCaP-Trop2-OV while no signal was detected in the LNCaP-RFP controls (Fig. 4C ). RFP/DAPI imaging of longitudinally sectioned tibias and IHC for human Trop2 confirmed the presence of LNCaP-Trop2-OV cells ( Fig. 4 C, Lower) . Additionally, LNCaP-Trop2-OV cells were found in the lung and liver in 100% (9 of 9) of mice, compared to LNCaP-RFP, where metastases were found in the lung of 27% of mice (3 of 11) and liver in 18% (2 of 11), respectively (SI Appendix, Fig. S6A ). Furthermore, the number and size of liver metastatic nodules were significantly greater in the LNCaP-Trop2-OV injected mice compared to the LNCaP-RFP controls (Fig. 4D) .
In parallel experiments, to measure prostate cancer colonization, we performed intracardiac injection of luciferase expressing DU145-RFP, DU145-Trop2-OV, and DU145-Trop2-KO cells. BLI at day 21 postinjection revealed that DU145-Trop2-OV injected mice had significantly higher whole-body bioluminescence compared to DU145-Trop2-KO and DU145-RFP cells (Fig. 4E) . Although total body bioluminescence was similar for DU145-Trop2-KO and DU145-RFP controls, there were no detectable bone metastases in the DU145-Trop2-KO injected mice, compared to 40% of DU145-RFP controls (Fig. 4 E-G and SI Appendix, Fig. S6 B, Left) . We confirmed the presence of tibial bone metastases using μCT ( Fig. 4F ) and PET/CT imaging (SI Appendix, Fig. S6 B, Right) . Similar to our observations with the LNCaP cell models, DU145 bone colonization was significantly increased by Trop2 expression ( Fig. 4 F and G and SI Appendix, Fig. S6B ). Bone metastases were found in 83% (five of six) of mice bearing DU145-Trop2-OV, compared to DU145-RFP control mice (40% or two of five), and 0% of DU145-Trop2-KO injected mice ( Fig. 4G and SI Appendix, Fig. S6B ). Similarly, modulation of Trop2 had a significant impact on liver colonization, with DU145-Trop2-OV mice displaying increased tumor nodule number and size when compared to the RFP controls ( Fig. 4H ). Although we did not observe significant differences in tumor nodule number between DU145-Trop2-KO and DU145-RFP controls, DU145-Trop2-KO liver metastases were significantly smaller than those observed in DU145-RFP and DU145-Trop2-OV injected animals (Fig. 4H) .
To confirm the role of Trop2 in prostate cancer metastasis, we assessed rates of metastasis in an s.c. xenograft tumor model (SI Appendix, Fig. S7 A, Left Scheme). In this model, primary tumors (LNCaP-RFP, LNCaP-Trop2-OV, DU145-RFP, and DU145-Trop2-OV) expressing luciferase were resected after they reached volumes of 400 mm 3 , and spontaneous metastasis was evaluated after 3 to 4 wk by BLI (SI Appendix, Fig. S7 A, Left Scheme). LNCaP-RFP cells showed no metastases whereas LNCaP-Trop2-OV cells metastasized to the lung (four of six), liver (five of six), and kidney (two of six) 4 wk after resection of the primary tumors (SI Appendix, Fig. S7 A-D) . Similar results were observed using DU145-RFP and DU145-Trop2-OV luciferase-expressing cells. While DU145-RFP control cells did metastasize, overexpression of Trop2 led to a significant increase in the incidence of metastasis to the liver, kidney, and lymph nodes 3 wk after resection of the s.c. primary tumors (SI Appendix, Fig. S7 E-H) . Collectively, our results demonstrate that Trop2 is sufficient to promote prostate cancer colonization and metastasis.
Trop2 Drives Neuroendocrine Phenotype and High Levels of PARP1.
To further investigate the role of Trop2 in prostate cancer, we performed proteomic analyses of tumor samples from LNCaP-RFP and LNCaP-Trop2-OV xenografts. Two tumors were analyzed per experimental group, and each tumor was analyzed in triplicate ( Fig. 5A ). Poly(ADP-Ribose) polymerase 1 (PARP1) was the most significant protein, with increased levels (>1,000-fold) in LNCaP-Trop2-OV tumors compared to LNCaP-RFP ( Fig. 5 A  and B) . Functional enrichment analysis of the 121 up-regulated proteins and 125 down-regulated proteins in LNCaP-Trop2-OV tumors using STRING (https://string-db.org/) (21) was performed (SI Appendix, Fig. S8A ). The most highly enriched protein association network for Trop2 up-regulated proteins in LNCaP-Trop2-OV tumors was "DNA replication and chromosome organization," with PARP1 at the central node of the cluster (Fig. 5C ). Interestingly, 48% (62 of 125) of the decreased proteins belonged to a set of androgen responsive genes (ARGs) described previously (22), including KLK3 (PSA), an androgen regulated gene used clinically in prostate cancer management ( Fig. 5 A and B and SI Appendix, Fig. S8B ). Consistent with the observed down-regulation of ARresponsive genes, LNCaP-Trop2-OV cells and xenografts showed significantly decreased AR and PSA expression when compared to LNCaP-RFP ( Fig. 5 D-F) . Prostate-specific membrane antigen (PSMA) was found as the most significantly decreased protein in LNCaP-Trop2-OV tumors ( Fig. 5 A and B) , and PSMA is known to be suppressed in NEPC (23) . We further investigated the effect of Trop2 on PARP1 and AR levels. Complete loss of TROP2 led to a significant reduction of PARP1 levels (SI Appendix, Fig.  S9A ) while overexpression of Trop2 resulted in an increase in PARP1 and loss of AR ( Fig. 5 D-F and SI Appendix, Fig. S9B ). To investigate the kinetics of AR down-regulation and PARP1 upregulation driven by Trop2, we utilized a doxycycline-inducible overexpression system (SI Appendix, Fig. S10 A and B) . PARP1 up-regulation was detectable as early as 72 h post-Trop2 induction (SI Appendix, Fig. S10A ) while AR down-regulation was observed 6 d post-Trop2 induction (SI Appendix, Fig. S10B ). Further gene expression analysis confirmed AR down-regulation and PARP1 up-regulation in Trop2-overexpressing cells (SI Appendix, Fig. S10C ).
PARP1 up-regulation and AR loss are commonly observed in NEPC, and we found that protein levels of neuroendocrine markers (CD56, synaptophysin [SYP], and chromogranin-A [CHGA]) were increased in LNCaP-Trop2-OV cells and tumors ( Fig. 5 D-F and SI Appendix, Fig. S9B ). We also found high expression of lineage plasticity-associated proteins Sox2, Ezh2, c-Myc, and Oct3/4 in LNCaP-Trop2-OV cells and tumors when compared to LNCaP-RFP ( Fig. 5F and SI Appendix, Fig. S9B ). Sox2 and Ezh2 were previously reported to promote resistance to antiandrogens and lineage plasticity during the emergence of NEPC accompanied by loss of luminal lineage markers and acquisition of basal-cell markers (24) (25) (26) . Consistent with previous reports, overexpression of Trop2 led to a significant down-regulation of luminal markers (AR and CK8) and up-regulation of basal cell markers (p63) (SI Appendix, Fig. S9B ). While down-regulation of Trop2 in Trop2-overexpressing LNCaP cells was not sufficient to restore AR expression and had marginal effect on PARP1 levels, knockdown of Trop2 led to a reduction of Ezh2, Sox2, and neuroendocrine markers (SYP and CD56) (SI Appendix, Fig. S10D ). Those results suggest that complete loss of Trop2 might be required to restore the endogenous levels of AR and PARP1 in LNCaP-Trop2-OV cells which do not endogenously express Trop2.
We further investigated the effect of Trop2 on PARP1 and neuroendocrine phenotype across multiple prostate cancer cell lines (SI Appendix, Fig. S11A ). Overexpression of Trop2 led to a significant increase of PARP1 in all cell lines tested except 22Rv1, most likely due to the high baseline endogenous levels of PARP1 in these cells (SI Appendix, Fig. S11A ). Overexpression of Trop2 was associated with a significant down-regulation of AR in LNCaP, and AR and AR-V7 splice variant in 22Rv1, but not in VCaP prostate cancer cells. Trop2 overexpression induced the expression of the neuroendocrine marker CD56 in some prostate cancer cell lines but not in others (SI Appendix, Fig. S11A ). Considering all tested prostate cancer cell lines have distinct known genetic alterations (summarized in SI Appendix, Fig. S11B ), our results suggest that the role of Trop2 in promoting neuroendocrine phenotype is potentially dependent on the genetic context.
PARP1 is an enzyme that regulates DNA replication by controlling the replication fork, DNA repair, transcription, and chromatin remodeling (27) (28) (29) and is highly expressed in small cell lung cancer (SCLC), a neuroendocrine subtype of lung cancer, and NEPC (30, 31) . Consistent with the significant changes in cell growth and PARP1 levels upon Trop2 modulation, we observed a significant increase in DNA synthesis measured by BrdU incorporation and other proteins involved in DNA replication upon Trop2 overexpression (SI Appendix, Fig. S12 ). In addition to PARP1, we also observed a significant up-regulation of proteins involved in DNA repair in Trop2-OV tumors (SI Appendix, Fig. S13A ). We further measured the efficiency of DNA repair upon DNA damage induced by hydrogen peroxide (H 2 O 2 ) using phospho-γH2A.X intensity as a marker of double strand breaks. Surprisingly, overexpression of Trop2 led to a significant accumulation of phospho-γH2A.X upon DNA damage and more damage induced by H 2 O 2 (SI Appendix, Fig. S13 B and C) . Together, these results suggest that Trop2 overexpression increases DNA replication, resulting in a greater accumulation of DNA damage, and, even though PARP1 and other DNA repair proteins are up-regulated, their levels are still not sufficient to repair the increased DNA damage.
We further evaluated Trop2 protein expression in clinical samples using tissue microarrays (TMAs) of localized prostate cancer, CRPC, and NEPC. High expression of Trop2 protein was found in 89% of CRPC and 78% of NEPC, compared to 33% of localized prostate cancer samples (Fig. 5G) , and 92% of patients with high Trop2 also had high levels of PARP1 (SI Appendix, Fig. S14) .
Consistent with the significant down-regulation of AR in Trop2-driven NEPC, cells overexpressing Trop2 were resistant to androgen depletion and the second-generation antiandrogen, enzalutamide (ENZ) (Fig. 6 ). We compared cell proliferation rates of LNCaP-Trop2-OV to LNCaP-RFP controls grown in medium supplemented with charcoal stripped fetal bovine serum (FBS) (csFBS-androgen depleted) or supplemented with FBS (androgen replete) or upon treatment with ENZ ( Fig. 6 A and B) . LNCaP-Trop2-OV cells displayed an androgen-independent cell proliferation, with comparable proliferation rates in androgen-depleted and replete media or vehicle and ENZ treatment while LNCaP-RFP cells were either unable to grow under androgen-depleted conditions or their growth was significantly delayed by ENZ ( Fig.  6 A and B) . These findings were further confirmed utilizing a tumorsphere growth assay in csFBS or FBS supplemented medium (Fig. 6C) . Small tumorspheres could be detected from LNCaP-RFP control cells only after 21 d in FBS, and almost no tumorspheres were observed for LNCaP-RFP cells grown in androgen-depleted conditions. On the other hand, LNCaP-Trop2-OV cells showed significantly higher tumorsphere formation at day 15 in csFBS and FBS, measured by tumorsphere number and size, when compared to LNCaP-RFP cells (Fig. 6C) . Consistent with these results, LNCaP-Trop2-OV cells were also resistant to ENZ measured by colony formation (SI Appendix, Fig. S15A ). In both intact and surgically castrated mice, LNCaP-Trop2-OV tumors grew much more rapidly, with detectable tumors as early as 6 d postimplantation, while LNCaP-RFP became palpable only 18 d postimplantation in intact mice and after 45 d in castrated mice (Fig.  6D) . LNCaP-Trop2-OV tumors grew rapidly and exhibited castration resistance. Interestingly, the LNCaP-RFP tumors that grew in the castrated mice after 45 d showed spontaneously induced expression of Trop2 by IHC (Fig. 6D) , further suggesting an important role of Trop2 in aggressive prostate cancer. Finally, we implanted LNCaP-Trop2-OV and LNCaP-RFP tumors in intact mice until the average tumor volume reached 200 mm 3 and then castrated the animals (SI Appendix, Fig. S15 B and C) . Once again, LNCaP-Trop2-OV xenografts continued to grow independent of castration while LNCaP-RFP tumors rapidly regressed after castration (SI Appendix, Fig. S15 B and C) . These results demonstrate that cells overexpressing Trop2 were insensitive to androgen depletion.
Trop2-Driven NEPC Is Sensitive to PARP1 Inhibition. PARP1 was markedly up-regulated in LNCaP-Trop2-OV cells in vitro and was enzymatically active, as demonstrated by increased Poly(ADP-ribosyl)ation (PARylation) of cellular proteins detected using a poly ADP ribose (anti-PAR) antibody ( Fig. 7 A and B) . PARylation could be inhibited by treatment with talazoparib or olaparib (Fig.  7B ). Olaparib is a PARP1 inhibitor currently approved for the treatment of BRCA mutated ovarian, fallopian tube, peritoneal, and breast cancers. Similarly, talazoparib is a PARP1 inhibitor recently approved by the FDA to target BRCA mutated breast cancer and exhibits 100-fold higher potency compared to olaparib (32) . Both talazoparib and olaparib decreased colony formation of LNCaP-Trop2-OV cells in a dose-dependent manner (Fig. 7C ). Furthermore, PARP inhibition reversed the DNA condensation pattern and histone methylation landscape (chromatin remodeling) induced by Trop2 overexpression (SI Appendix, Fig. S16 A and  B) . Small nuclear size and a speckled heterochromatin aggregation pattern are two histopathologic features associated with the SCLC subtype, and the latter feature is associated with neuroendocrine differentiation (33) . Olaparib and talazoparib reversed the Trop2-mediated decrease in nuclear size and histone methylation (H3K27me3) and led to an increase in heterogeneous chromatin pattern (SI Appendix, Fig. S16 ). These results suggest that DNA condensation and decrease in histone methylation in Trop2overexpressing cells are mediated through PARP1. Previous studies across diverse cancer types suggest that a heterogeneous chromatin pattern is prognostic in colon, ovarian, endometrial, and prostate cancer (34) . As Trop2-expressing NEPC displays increased PARP1 expression and activity, we next evaluated whether Trop2-expressing NEPC is sensitive to PARP inhibitors in vivo. LNCaP-Trop2-OV xenografts were treated with talazoparib (0.5 mg/kg intraperitoneally [i.p.] daily) or olaparib (50 mg/kg i.p. daily) when the implanted tumor volume reached an average of 25 to 50 mm 3 (Fig.  7D) . LNCaP-Trop2-OV tumors were highly sensitive to talazoparib when compared to tumors in vehicle-treated animals ( Fig. 7D and SI Appendix, Fig. S17A ). Similarly, olaparib significantly decreased LNCaP-Trop2-OV tumor growth while it had no significant effect on LNCaP-RFP controls ( Fig. 7D and SI Appendix, S17 B and C) . IHC demonstrated that LNCaP-Trop2-OV xenografts expressed Trop2 and PARP1 while treated xenografts showed decreased PARylation and significantly decreased expression of neuroendocrine markers CD56, SYP, and CHGA (Fig. 7E) .
To assess the effects of PARP inhibition on Trop2-induced cancer cell invasion, we treated LNCaP-RFP or LNCaP-Trop2-OV cells with talazoparib (0, 10, and 25 nM) or olaparib (0, 5, and 10 μM) using the three-dimensional (3D) Matrigel drop invasion model described above. PARP inhibition significantly decreased invasion and migration outside of the Matrigel drop in a dosedependent fashion (Fig. 7F ). To further evaluate the role of PARP1 in Trop2-induced metastatic colonization, we tested the effects of PARP inhibitors in an intracardiac injection mouse model. Mice were matched based on similar bioluminescent intensity at day 0 and then randomized to receive either olaparib (50 mg/kg i.p. daily) or vehicle control for 14 d. Whole body bioluminescent signal recorded at days 0 and 14 demonstrated that olaparib reduced total metastatic burden, including bone metastasis to the hind limbs ( Fig. 7G , bone metastases indicated by yellow circles). Therefore, PARP1 activity is essential for Trop2-driven tumor growth, metastasis, and NEPC phenotype.
Discussion
NEPC exhibits small cell carcinoma or neuroendocrine features characterized by distinct histopathology, aggressive phenotype, down-regulation of AR, and expression of neuroendocrine markers (6-9, 35, 36) . Identifying new drivers of NEPC is imperative for understanding the mechanisms underlying NEPC development and for defining new therapeutic strategies. In this study, we identified Trop2 as a driver for neuroendocrine phenotype. Elevated levels of Trop2 are associated with biochemical recurrence of localized prostate cancer, and Trop2 is highly expressed in CRPC and NEPC. Additionally, overexpression of Trop2 induced lineage plasticity characterized by loss of luminal cell markers, gain of basal cell markers, and NEPC phenotype. Our findings are consistent with previous reports demonstrating that androgen ablation enriches for prostate basal-like cells with high Trop2 (16) . Consistent with the elevated levels of Trop2 in localized prostate cancer, overexpression of Trop2 alone in normal epithelial cells was shown to drive highly proliferative neoplastic lesions (15) . Here, we find that, while Trop2 consistently enhances cell growth across different prostate cancer cell lines, Trop2 leads to a significant down-regulation of AR in LNCaP and 22Rv1 but not in VCaP prostate cancer cells, and it is able to induce the neuroendocrine marker CD56 in some prostate cancer cell lines but not in others. These findings suggest that Trop2 may play a context-dependent role in distinct stages of the disease. Indeed, all tested prostate cancer cell lines have distinct genetic alterations, and it has been previously reported that the NEPC phenotype is driven by a combination of alterations (24, 25, (37) (38) (39) . Future studies will be conducted to delineate the genetic or epigenetic alterations enabling different roles of Trop2 in distinct stages of prostate cancer.
Trop2-driven NEPC displayed low expression of AR and induction of neuroendocrine markers similar to that observed in other CRPC/NEPC models (37, 38) . Trop2-driven NEPC also expresses high levels of Sox2 and Ezh2 (Fig. 5F) , previously shown to promote antiandrogen resistance and lineage plasticity during the emergence of NEPC (24) (25) (26) . Consistent with the lineage plasticity phenotype driven by Sox2 and Ezh2, overexpression of Trop2 led to a significant down-regulation of luminal markers (AR and CK8), up-regulation of basal cell markers (p63), and up-regulation of Sox2 and Ezh2 ( Fig. 5F and SI Appendix, Fig. S9B ). Due to the significant decrease in histone methylation (H3K27me3) observed upon overexpression of Trop2 and its reversal upon treatment with PARP inhibitors, our study suggests that the role of Ezh2 in the context of Trop2 overexpression is independent of its methyltransferase activity. We speculate that Trop2 may induce lineage plasticity accompanied by a loss of luminal identity and down-regulation of luminal markers including AR, in a context-dependent manner.
Metastatic prostate cancer is invariably lethal. Bone is the most common metastatic site while liver metastasis is commonly associated with NEPC and poor survival (20, 40) . Previous studies have demonstrated that Trop2 fosters cancer cell migration and invasion in multiple cancer types (18, 19, 41) . Consistent with these studies, we found that elevated expression of Trop2 significantly enhanced migration and invasion while loss of Trop2 inhibited both. Trop2 was particularly effective at causing bone and liver colonization in an intracardiac injection model and lung, liver, and lymph node metastasis in a spontaneous metastasis model, mirroring the human disease, and substantiating a significant functional role for Trop2 in prostate cancer progression and metastasis. Importantly, our findings suggest that targeting the Trop2 pathway may represent a novel therapeutic strategy for metastatic prostate cancer.
PARP1 as well as other proteins involved in DNA replication and chromosome organization were unexpectedly up-regulated in response to Trop2 overexpression. PARP1 has many known functions, including DNA repair, DNA replication, cell death, chromatin remodeling, inflammation, and transcriptional regulation (42) . Consistent with the role of PARP1 in DNA replication, we observed a significant increase in DNA synthesis. Previous studies demonstrated that PARP1 is necessary for AR-driven gene expression (29) . In addition, AR signaling is required to activate the DNA repair pathway, further suggesting that targeting both AR and PARP pathways could be an effective approach to treat advanced prostate cancer (43) . In our study, Trop2-driven NEPC displays high levels of PARP1 and a significant down-regulation of AR and AR downstream targets, suggesting an AR-independent role of PARP1 during transdifferentiation to NEPC in the context of Trop2 overexpression. Elevated PARP1 is associated with the neuroendocrine phenotype of SCLC and other neuroendocrine cancers (30) . Due to the role of PARP1 in DNA repair, the PARP inhibitor, olaparib, is currently used for the treatment of BRCA mutated ovarian, fallopian tube, peritoneal, and breast cancers. More recently, the FDA approved talazoparib for patients with HER2-negative locally advanced or metastatic breast cancer with germline BRCA mutations. In prostate cancer, mutations in BRCA1, BRCA2, and ATM genes are observed in roughly 20% of advanced prostate cancer (44) . Clinical responses have been observed utilizing PARP inhibitors in CRPC with these mutations (45) . Trop2-driven prostate cancer xenografts are sensitive to PARP inhibition, in concordance with findings in SCLC where PARP inhibition is effective in tumors with abundant PARP1 protein expression (30) . Our study demonstrates a link between Trop2, PARP1, and neuroendocrine transdifferentiation and suggests that there could be additional subsets of NEPC with elevated Trop2 expression that are sensitive to PARP inhibitors. Since high expression of Trop2 is known to occur in many epithelial malignancies, PARP inhibitors could be effective if a similar linkage between Trop2 and PARP is observed.
The molecular mechanisms through which Trop2 regulates PARP1 are still to be delineated. It has been previously reported that Trop2 is cleaved, leading to translocation of the intracellular domain to the nucleus where Trop2 may serve as a cotranscriptional factor and regulate c-Myc expression (15) . Interestingly, c-Myc is the key transcription factor that directly binds to the PARP1 gene promoter and up-regulates PARP1 expression in induced pluripotent stem cells (iPSCs) (46) . Accumulating evidence indicates that PARP1 plays an essential function in maintaining pluripotent status and stem cell reprogramming (27) . PARP inhibitors reverse the Trop2-driven NEPC phenotype, suggesting that PARP1 activity contributes to the Trop2-driven neuroendocrine phenotype. Indeed, we observe a significant up-regulation in c-Myc in LNCaP-Trop2-OV cells and tumors and an increase in PARP1 protein and RNA levels. Based on the current lineage plasticity model of NEPC development in prostate cancer, it is possible that Trop2 regulates PARP1 through c-Myc and the Trop2-c-Myc-PARP1 cascade is involved in cell reprogramming and neuroendocrine transdifferentiation of prostate cancer.
In summary, Trop2 is commonly expressed at high levels in metastatic prostate cancer, NEPC, and is prognostic in localized prostate cancer treated surgically. Trop2 induces migration, invasion, tumorsphere formation, and cell proliferation in prostate cancer cells. Furthermore, Trop2 enhances tumorigenicity in prostate cancer xenograft models and increases prostate cancer metastasis. Trop2 drives neuroendocrine transdifferentiation, characterized by loss of luminal markers such as AR, expression of neuroendocrine markers, and high levels of PARP1. Inhibition of PARP1 by talazoparib and olaparib suppresses Trop2induced nuclear PARylation, reverses the neuroendocrine phenotype, and decreases tumor growth and metastasis in vivo. Collectively, our study demonstrates that Trop2 may represent a prognostic biomarker for disease recurrence, an attractive therapeutic target for late stage metastatic prostate cancer, and could identify a class of cancers sensitive to PARP1 inhibition.
Methods
Detailed methods are available in SI Appendix, SI Methods. Lentiviral Production and Concentration. Lentiviral plasmids FUCRW, FUCRW-Trop2-Flag, pLKO.1-control scramble short hairpin RNA (shRNA) vector, or pLKO.1-Trop2 shRNA were cotransfected using third generation packaging systems, including pMDLg/pRRE, pRSV-Rev, and pMD2.G, into 293T cells using standard calcium phosphate transfection. The media with viral particles were collected for 2 d, filtered using a 0.45-μm filter, and concentrated using ultracentrifugation (25,000 rpm, 2 h). The viral titer was determined through serial dilution of concentrated viruses and infection of 2 × 10 5 293T cells in six-well plates. The percentage of infected cells (viral titer) was analyzed by the Guava easyCyte Flow Cytometer (EMD Millipore) based on GFP or RFP expression 72 h postinfection.
Human Tissues (Tissue Microarrays). All human samples were deidentified prior to use in this study.
Data Availability Statement. All data and associated protocols are included in the manuscript and available to the readers. Cell lines generated in this study are available upon request.
